The results of numerical simulations of the cutting process obtained by means of the finite element method were studied in this work. The physical model of a bundle consisting of ultra-thin metal sheets was elaborated and then submitted to numerical calculations using the computer system LS-DYNA. Experimental investigations rely on observation of metallographic specimens of the surfaces being cut under a scanning electron microscope. The experimental data showing the microstructure of an ultra-thin metal bundle were the basis for the verification of the numerical results. It was found that the fracture area consists of two distinct zones. Morphological features of the brittle and ductile zones were identified. There are distinct differences between the front and back sides of the knife. The experimental investigations are in good agreement with the simulation results.
Introduction
In this paper the cutting problem of ultra-thin steel sheets arranged in bundles is considered. The sheets are made of C75S (carbon steel) cold rolled steel. The thickness of a single plate is 100 µm. The process of preparation of such thin sheets is complex and the cutting technology is also sophisticated. Cutting of bundles is more efficient compared to cutting individual sheets, because it enables the cutting of many sheets with a single cutting tool passage. The most frequently occurring defects are the bends of the cut sheet edges, burrs as well as defects in the form of vertical scratches. In order to improve the cutting process, numerical investigations were carried out concerning mainly the use of the finite element method for numerical simulation of cut sheet separation together with experimental research aimed at verifying the obtained results.
State of the Art
The cutting process of metals is the subject of interest of many researchers [1] [2] [3] [4] as well as entrepreneurs and engineers working in the industrial sector. There are many interesting items in the literature regarding mainly machining [5] [6] [7] [8] , but much less attention is given to cover mechanical cutting of guillotines [9, 10] . Different approaches are used for simulating failure and metal separation [11] [12] [13] . The most important issue is to select an appropriate FEM (finite element method) [14] . Machine deformation can also affect significantly the cutting process [15, 16] .
The cutting of a single sheet [9, [17] [18] is much simpler in comparison with cutting a stack of sheets. The smaller the number of sheets in the bundle the better the quality of the sheets cut in cross section [17] . By the good quality of sheets being cut, one means: low roughness of the sheets in cross section, small number of defects in the shape of vertical craters, burrs that occur very rarely and insignificant edge bending. The best solution to achieve these goals is to avoid any kind of possible defects, but from the practical point of view it seems to be impossible because by nature the mentioned problems are often met in industry [19] . The only thing one can do is to improve the cutting process by changing the selected parameters that affect the process. Nowadays, it is rather difficult to eliminate entirely the negative causes of defects during the cutting process. It can be achieved by optimisation taking into account one criterion or many criteria [20] [21] [22] [23] to minimise the chosen entity e.g., roughness, edge bending, burrs, vertical scratches in the shape of vertical craters, etc. Before optimisation one should be familiar with the mechanisms of the cutting process. Then one can influence many parameters of the cutting process in order to achieve the minimum roughness, minimum edge bending, the rare probability of occurrence of burrs and as well as vertical scratches. Hence, the main goal of this paper is better understanding of the mechanism of the cutting process. The physical models and the corresponding mathematical ones were elaborated in order to visualise the stresses and strains in elastic and plastic zones at the chosen time instances during cutting of the bundle of ultra-thin sheets made of C75S cold rolled high-strength steel. Next, the experimental investigations were taken into consideration to show the shape of separate sheets after cutting under large magnification. The problem with observation of the cutting process under a scanning electron microscope is because of watching the sheets only after cutting. It would be perfect to see the whole cutting process, but up to now there is no such sufficiently fast apparatus with the appropriate large chambers in which the whole industrial cutting machine could be placed. That is why numerical simulations using the finite element method applying the computer program LS-DYNA were adopted [24] . It is worth mentioning that using the finite element method one should remember that it is only an approximation of a small portion of reality. To obtain good results one needs to assume the proper number of elements. The number of elements cannot be too small or too large because the obtained results will suffer an error. The smaller the element the smaller the digits are describing its volume, mass, inertia etc. During numerical simulations the small digits are multiplied, divided etc. That is why serious problems with numerical round off to a certain number of significant digits can occur in the case of too small elements. Too large elements can produce an error also. So, the optimum size of elements cannot be either too large or too small [25] [26] [27] [28] [29] [30] .
It was found out that in practice solution difficulties usually arise only when the finite element discretization is very fine, and for this reason the condition of infinite stresses under concentrated load is frequently ignored. Much finer discretization would lead to stress singularities at the point where the tip of the blade touches the sheet being cut. Additional errors might be caused also by computer approximation of the very small floating-point digits because the numbers are processed by round off. However, in general the finer the mesh the better the results (small errors) but the time of calculations increases. Therefore the balance between accuracy and time of computations should be established. If the size of the elements in the model is too large the time of computations decreases but the value of errors increases. This is caused usually by assumed linear shape function and the number of nodes. In the current work the proper size of the mesh was established on the basis of experiment and the numerical calculations were verified with experimental data.
The cutting of a bundle of metal sheets is the field of interest of such authors as Gasiorek et al. [4] . Their paper presents numerical modelling of the guillotine cutting process of sheet aluminium bundles. A finite element method with a smoothed particle hydrodynamics approach was coupled to simulate the cutting process. Experimental results of the cutting were presented for the validation purposes. The measured force characteristics in all numerical simulations and experiment were compared. The mentioned researchers focused on investigations of deformations and plastic strains.
It can be concluded that cutting on guillotines is a niche subject appearing in the literature rather sporadically when the problems related to machining processes have been thoroughly discussed. Research concerning cutting of single sheets using a guillotine shear can be found in ref. [10] . The authors formulated physical models and corresponding to them mathematical ones using the computer program LS-DYNA [24] .
The authors of the current paper covered such topics as mechanisms of the cutting process, plastic strains, reduced Huber-Mises stresses as well as the microstructure of the surfaces of sheets being cut.
In a previous work [9] the authors investigated the relationships between the cutting depth and the values of reduced Huber-Mises stresses for one sheet. In the current study, the model of mechanism of sheet separation using two thin sheets forming a bundle, is presented. The microstructural aspects of the cutting process are also addressed. Moreover, the differences in cutting behaviour between the front part of the cutting tool and the back part are identified.
Methodology
To achieve the goal of the study the following methodology was applied:
• to conduct fast changing dynamical calculations, the finite element method and the computer system LS-DYNA (LSTC, Livermore, CA, USA) were deployed; • to obtain the experimental verification of the cutting, microstructural observations of fracture surfaces were performed, the SEM images were obtained using a Zeiss SUPRA 25 (Carl Zeiss AG, Jena, Germany) scanning microscope operating at 20 kV under two different magnifications: 400× and 800×; • the final stage concerns the comparison of the numerical simulations with the experimental results.
Material
To conduct the numerical investigations of the cutting process, a bilinear material model for the bundle of sheets made of C75S high-strength steel was assumed. The detailed data are collected together and shown in Table 1 . Such a material model is very popular in the literature because on one hand it describes the elastic-plastic behaviour and on the other hand it is relatively simple. The bilinear material model ( Figure 1 ) consists of two lines which describe the double relationship, respectively, the elastic one which is modelled by a straight line that starts from the origin of the Cartesian coordinate system of the stress-strain relation and the plastic one modelled by the second line which starts at the yield point and describes the plastic reinforcement. Despite the assumed bilinear material model being simple it describes the nonlinear behaviour between stress and strain. 
Physical Model of the Bundle of Sheets
In order to model the numerical cutting process, the physical model of the process was elaborated. It contains such parts as:
• cutting tool,
• bundle of sheets which consists of two separate metal sheets being cut, • worktable. All mentioned elements were modelled as rigid except the bundle of sheets which was modelled as deformable. This problem is focused on sheets being cut and on the quality of the cut surfaces understood as the smallest edge bending possible, burrs and vertical scratches in the shape of craters. The contact between the earlier mentioned working surfaces of all parts are taken into consideration. The unilateral constraints are imposed on the nodes that are in mutual contact during cutting i.e., between (Figures 2 and 3):
• the rigid cutting tool and the first deformable sheet,
• the rigid cutting tool and the second deformable sheet,
• the rigid pressure beam and the first deformable sheet,
• the first deformable sheet and the second deformable sheet,
• the second deformable sheet and the rigid worktable. The models of Coulomb's and Moren's friction laws are taken into consideration. The static and kinetic coefficients of friction for all working surfaces in contact are assumed as for steel, respectively:
• static coefficient of friction µs = 0.22, • kinetic coefficient of friction µk = 0.11.
The presented physical model ( Figure 2 ) is divided into finite coplanar rectangular elements with four nodes (Figure 3) . One node has two degrees of freedom (x and y translation). During modelling of the cutting process, the plane state of strain was applied [31] . Individual parts were divided into finite elements and nodes ( Table 2 ). The size of the finite element of the sheet being cut is 0.02 mm horizontally and 0.01 mm vertically. The proposed element size was chosen on the basis of experiment as a compromise between the number of elements and the time consumption needed for the geometrically as well as the materially nonlinear fast changing dynamic cutting problem with cracking. The physical model of the sheet metal cutting process is shown in Figure 2 . On a motionless perfectly rigid table the sheets being cut are placed and then they are pressed from the top using a perfectly rigid pressure beam made in the form of a wedge with convergence 1:30. In this work it is assumed that the cutting tool blade has an apex angle α = 30° and the gap between the cutting tool and the pressure beam is 0.1 mm. The unilateral constraints in the form of so-called contact were imposed on the surfaces of the sheets being cut, worktable, pressure beam and cutting tool. The contact is based on the condition of impenetrability, namely the condition that two bodies cannot interpenetrate. To simulate the cutting process the failure model was applied. It consists of the separation of the nodes belonging to the cutting line ( Figure 3) . The nodes are defined as separable in the case when the reduced Huber-Mises strain at the closest node to the tip of the blade of a cutting tool approaches the equivalent value of strain equal to 0.15. The mentioned value of strain corresponds to the rupture during the experimental uniaxial tensile test. If the reduced Huber-Mises strain is higher than 0.15 the node which is closest to the tip of the blade is separated into two independent nodes allowing the cutting tool to penetrate into the sheet being cut. In the case when the reduced Huber-Mises strain in the sheet is less than the equivalent value of strain (0.15), then the node which is closest to the tip of the blade is not separated. So it is left as a single node which means that further penetration is impossible because the mentioned node is not separated into two nodes and the cutting process stops at this point (node).
In order to carry out the numerical simulation of a cutting process, the nonlinear incremental differential equation of dynamical equilibrium taking into account the phenomena occurring in mutual contact between bodies should be applied [32] :
where: M, C-mass and damping matrices, respectively, t+Δt In the successive stage equation (1) is converted into a formula enabling direct integration of the considered dynamic problem using the computer system LS-DYNA.
The rupture in metal sheets being cut is described by the following equation:
if ≥ -node separation belonging to the cutting line takes place,
if < -no separation possible in nodes belonging to the cutting line,
where: -reduced Huber-Mises strain, -failure strain.
Microscopic Investigations
Observations of fracture surface of 1 st (top) and 2 nd (bottom) sheets located in the bundle were carried out to determinate the rupture mode. This part of research was done on the basis of SEM images obtained by using Zeiss SUPRA 25 (Carl Zeiss AG, Jena, Germany) scanning microscope operating at 20 kV under two different magnifications: 400× and 800×. The details of the fracture were observed at the front and the back of the cutting tool.
Results and Discussion
The research is composed of the three following stages:
• the numerical simulations concerning the cutting process of a bundle of sheets, • the experimental investigations consisting of a series of microstructural images obtained by means of a scanning electron microscope (SEM),
• the comparison of the numerical and experimental results.
Numerical Simulations
The bundle consisting of two sheets was analysed. The numerical calculations were carried out using the finite element method and computer system LS-DYNA which is a general-purpose finite element program capable of simulating complex real world problems. It is used by the automobile, aerospace, construction, military, manufacturing, and bioengineering industries. This program is optimized for shared and distributed memory Unix, Linux, and Windows based platforms. The code's origins lie in highly nonlinear, transient dynamic finite element analysis using explicit time integration. LS-DYNA capabilities include [24] : nonlinear dynamics, rigid body dynamics, normal modes, thermal analysis, fluid analysis, etc. The simulations were performed at the Silesian University of Technology using the computer cluster Ziemowit (http://www.ziemowit.hpc.polsl.pl). The cutting process begins at the moment at which the pressure beam starts moving slowly from zero to maximum speed (ϑmax = 0.012 mm/s), then moves with constant maximum speed and next slows down imperceptibly until its speed approaches zero. Following this, the pressure beam touches the top of the bundle (Figures 4-7) and compresses the sheets with a small force a priori assumed and treated as negligibly small compared with the force produced by the knife during cutting. The small force guarantees the cutting of the bundle without any shifting of the sheets being cut. At the moment when the pressure beam stops, the cutting tool starts traveling from zero to maximum speed (ϑmax = 0.022 mm/s) and then moves with constant maximum speed and starts cutting the bundle of sheets. It should be mentioned that the tip of the blade of a cutting tool travels parallel to the worktable. The cutting tool first cuts the top sheet in the bundle and after that it starts cutting the final sheet, then it stops at the worktable and goes back to the original position and the cutting process repeats itself. During cutting in the first stage, the knife travels with constant speed downwards and touches the first top sheet being cut and starts pressing it and forming the elastic zone of the reduced HuberMises stresses (Figure 4a ) and corresponding to it the equivalent Huber-Mises plastic strains ( Figure  6a ). So the reduced Huber-Mises stresses and strains grow from zero to the maximum values which correspond to the elastic limit. Since the cutting tool moves farther into the first sheet being cut, the stresses and strains exceed the elastic limit and start creating a plastic region close to the tip of the blade of the cutting tool (Figure 4b and Figure 6b ). The C75S steel begins to reinforce and finally the stresses and strains are so high that the material cannot withstand it anymore and so loses its continuity. Then the tip of the blade of the cutting tool penetrates into the first top sheet being cut and begins to shear it causing a ductile fracture as consequence. The sheet is being cut by separating it plastically (Figure 4c and Figure 6c) . The separation is possible since the early mentioned failure model was additionally adopted to enable the cutting process to be continued which consisted of the nodes being split up. The numerical simulations show that from the very beginning of cutting which starts at the top of each sheet until circa 1/3 of the height of the sheet being cut measured from its top downwards, the ductile fracture caused by shearing suddenly changes into brittle fracture caused by the tensile state of the stresses which begins to dominate instead of shearing after exceeding the early The final stage of cutting is very interesting because it is connected with brittle cracking produced by tensile stresses. The described phenomenon is very similar to the experimental uniaxial tensile test. At the end of the stretching test, a neck is formed and cracking appears. This experimental tensile test is similar to the cracking observed during cutting of the sheet in the case where the tip of the blade penetrates into the sheet being cut at a height bigger that 1/3 of the height of the sheet. The cut surface is smooth, without burrs and vertical scratches. Such cut surfaces are required because they are fine unlike those induced by shearing accompanied by many defects. So, the only problem is the first stage concerning the shearing. It takes place from zero to circa 1/3 of the height of the sheet measured from its top downwards. During the shearing edge bending, scratches and large plastic zones are formed. On such cut surfaces there are many defects which are not desired (Figure 4a-c,  Figure 5g -i, Figure 6a -c and Figure 7g-i) . The more sheets in a bundle, the more numerous are the defects. The sheet with the most defects is always the last one at the bottom. This work deals with only two sheets in a bundle but it is enough to prove numerically as well as experimentally that plastic deformations are more severe during the cutting of the last bottom sheet in a bundle ( Figure  4c,d, Figure 5i The only difference is that the bottom sheet is more severely plastically deformed. Comparing these two plastic zones in the two sheets being cut one can state that the second sheet is more deformed so the plastic strains are slightly higher. The second stage concerning the sheet being cut from 1/3 of the height to the whole height of the second sheet (Figure 5k,l and Figure 7k,l) is very similar to the same stage concerning the cutting of the first sheet (Figure 4e,f and Figure 6e,f) . These stages are highly desired from a theoretical as well as practical point of view since a good quality of sheets being cut is highly sought after. On these cut surfaces where the brittle fracture occurs there are no burrs or vertical scratches in the shape of craters, etc. Effective plastic strains in the second sheet being cut for the following time instances: (g) t = 7.5 s, (h) t = 8 s, (i) t = 9 s, (j) t = 9.5 s, (k) t = 10.1 s, (l) t = 10.11 s (continuation of Figure 6 ). The effective plastic strains in the previous sheet being cut are shown in the previous figure. 
Microscopic Details
The sheet metal bundle cutting process leads to the occurrence of two types of fracture. There is a substantial difference in the fracture character when comparing the back side and front side of the cutting tool (Figure 8) . The presence of a fracture consisting of plastic and brittle parts in the zone located at the back of the cutting tool was observed. The ductile zone is always located in the upper part of the observed cross section, whereas the brittle zone occurs in its lower part (Figures 8a,c) . The boundary between the ductile and brittle zones is located at a 1/3 of the sheet height measured from the top downwards independent of the place in the bundle.
The plastic zone is characterized by a dimple mode of rupture. Most of the observed dimples are characterized by an oval shape. Moreover, some of them have a spherical shape. The dimples are characterized by various sizes. Most of them are relativity small due to the presence of numerous nucleating sites, which are activated during the deformation process. The micro-voids are closely located and they coalesce before they have an opportunity to grow to a larger size [33] . The lower part of the samples shows typical brittle fracture. Numerous brittle walls can be observed (Figure  9a ,c) but no dimples were detected. There are no big differences when comparing the top and bottom sheets (Figure 8 ). However, one can see that the sheet located at the bottom of the bundle is more heavily affected by the cutting process.
Comparison of the Numerical and Experimental Investigations
The elaborated physical and mathematical models of the cutting process were the basis to carry out numerical simulations taking into account the failure model which corresponds to all nodes that belong to the cutting line (Figure 3) . Experimental verification using a scanning electron microscope was carried out. At the final stage the numerical as well as the experimental results were juxtaposed. This comparison is presented in Figure 10 and shows that the plastic region of sheets being cut begins from zero to 1/3 of the sheet height measured from the top of each sheet downwards. The plastic zone is slightly larger in the bottom sheet (Figure 10c,d) . It might be explained by taking into account the friction which resists the impending motion of the cutting tool. During cutting of the first sheet, the friction force occurs only between the top sheet being cut and the cutting tool (Figures 4 and 6 ) whereas during cutting of the second sheet the friction force occurs not only between the bottom sheet being cut and the cutting tool but also between the mentioned cutting tool and the cut off top sheet which is on the left side between the pressure beam and the bottom sheet (Figures 5 and 7) . That is why the conditions of cutting of the bottom sheet are slightly more severe than the conditions of cutting of the top sheet. Evidence that the second sheet being cut works in slightly heavier conditions comes from the graphs presenting the internal energy accumulated during cutting in both sheets ( Figure 11 ) and for each sheet successively (Figure 12 ). A similar comparison analysis was conducted by Bohdal [10] , who investigated the cutting process of a single sheet being cut using a bench shear. The cutting process was simulated by means of the FEM-SPH model and was compared with the experimental data using recorded images from a high-speed camera. The experiment shows good agreement in the depth angle and the burr height with the numerical simulations. From the obtained results it can be seen that the fracture process becomes less steady and progresses in a non-uniform manner in some locations along the shearing line. An analysis of the state of stress, strain and fracture mechanisms of the material was presented. This approach of the author concerns shearing using bench shears however, in the current paper the cutting process of ultra-thin metal sheets arranged in a bundle deals mainly with shearing but stretching as well. 
Conclusions
In this paper the cutting problem was analysed for better understanding of the mechanisms involved. The cutting process is characterised by fast change of physical phenomena such as displacements, strains, stresses, etc. versus time and an additional problem constitutes the excessive speed of the process which prevents observation in detail by the unaided eye. That is why the physical model and corresponding to it the mathematical model of the cutting process were elaborated here. Next, numerical simulation using the finite element method and adopting the computer system LS-DYNA was performed in order to present the mechanism of the cutting process of sheets in a bundle. The elastic and plastic zones as well as the ductile and brittle fractures that occur during cutting at selected time intervals are presented. Experimental investigation was also carried out by observation of the steel sheets after cutting under a scanning electron microscope. The numerical and experimental results were compared with each other.
During study of the fast changing cutting process the following conclusions were drawn:
• the maximum stresses and the plastic strains obtained in the numerical simulations are mainly concentrated in sheets being cut close to the tip of the blade of a cutting tool,
• the maximum reduced Huber-Mises stresses in the first stage of cutting are higher than the yield point and that is why sheets being cut cannot withstand it with the result that ductile fracture occurs at a height from zero to circa 1/3 of the height of the sheet being cut measured from the top of the sheets downwards. In this particular ductile zone shearing dominates, justified on the base of numerical as well as experimental data, • the maximum reduced Huber-Mises stresses in the final stage of cutting are higher even than the ultimate strength which occurs at a height larger than circa 1/3 of the height of the sheets being cut, measured from the top of the sheets downwards. The steel sheet being cut in this particular zone cannot withstand it and brittle fracture occurs because instead of shearing, stretching dominates implied on the basis of numerical simulations and verified by experiment, • on the basis of SEM imaging it can be stated that ductile fracture is accompanied by many defects like burrs, vertical scratches, higher roughness, larger edge bending, etc., • brittle fracture has no significant defects and is characterised by a smooth surface in the cross section of the sheets being cut, observed under the scanning electron microscope. 
